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A B S T R A C T
Recently the concept of hard turning has gained much attention in the metal cutting industry. In hard
turning, multiple operations can be performed in single step, thereby it replaces the traditional process
cycle. But it involves very large quantities of cutting ﬂuid. Procurement, storage and disposal of cutting
ﬂuid involve expenses and environmental problem. Pure dry turning is a solution to this problem as it
does not require any cutting ﬂuid at all. But pure dry turning requires ultra hard cutting tools and ex-
tremely rigid machine tools, and also it is diﬃcult to implement in the existing shop ﬂoor as the machine
tool may not be rigid enough to support hard turning. In this context, turning with minimal ﬂuid ap-
plication is a viable alternative wherein, extremely small quantities of cutting ﬂuid are introduced at critical
contact zones as high velocity pulsing slugs, so that for all practical purposes it resembles pure dry turning
and at the same time free from all the problems related to large scale use of cutting ﬂuid as in conven-
tional wet turning. In this study, ﬂuid application parameters that characterize theminimal ﬂuid application
scheme were optimized and its effect on cutting performance and tool vibration was studied. From the
results, it was observed that minimal ﬂuid application in the optimized mode brought forth low vibra-
tion levels and better cutting performance.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
Conventionally when parts requiring high hardness as function-
al requirement are to be machined, the work piece is turned to the
near net shape, hardened to the required hardness and ground to
the ﬁnal dimension. This lengthy process cycle can be avoided if the
hardened work piece is directly turned to the ﬁnal dimension. This
is possible by hard turning. In hard machining, multiple opera-
tions can be done in one step, complex part contours are adapted
easily and has high metal removal rate [1]. Also the nature of chip
formation in hard machining is quite different from that of con-
ventional machining. But hard turning involves very large quantities
of cutting ﬂuid, requires rigid cutting systems and superior cutting
tools like CBN or ceramic tools. Procurement, storage and disposal
of cutting ﬂuid involve expenses and it has to comply with envi-
ronmental legislation such as OSHA as well.
Uzi Landman [2] reported that the frictional forces between two
sliding surfaces can be reduced by rapidly ﬂuctuating the width of
the lubricant ﬁlled gap separating them. This principle was used
in developing the minimal cutting ﬂuid application system by
Varadarajan et al. [3]. They found that when a high velocity narrow
pulsing slug of cutting ﬂuid is used, the width of the lubricant ﬁlled
gap between the tool rake face and chip varied and will reduce
cutting temperature effectively. Vikram Kumar and Ramamoorthy
[4] continued investigations on turning of AISI 4340 steel of hard-
ness 35 HRC using the same technique. In their investigation, they
compared the performance of different types of TiCN and ZrN coated
carbide tools during turning of hardened steel with conventional
wet turning and turning with minimal ﬂuid application by varying
the speed and feed. From the results it was found that the overall
performance of the cutting tools during minimal cutting ﬂuid ap-
plication was superior to that during dry turning and conventional
wet turning on the basis of parameters such as cutting force and
surface ﬁnish. Similar results were obtained during an investiga-
tive study on the comparative performance of TiCN and TiAlN coated
tools during turning of AISI 4340 hardened steel under the same
conditions. Also from literature it was observed that the machin-
ing performance during minimal ﬂuid application was very much
inﬂuenced by nozzle exit pressure and the quantity of cutting ﬂuid
[5].
Thepsonthi et al. [6] explored the performance of minimal cutting
ﬂuid application in pulsed-jet form during high speed end milling
of hardened steel using coated carbide ball end mill. The results
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indicated that the use of such a system can bring forth better ma-
chining performance in terms of cutting force, tool life and surface
ﬁnish when compared to ﬂooding and dry machining. Controlling
the amount of cutting ﬂuid delivered can enhance speciﬁc machin-
ing performance with decreasing costs and environmental impacts
[7]. Also it was observed that metal working ﬂuids account for 3%
of the cost of most machining processes.
In hard turning, the presence of tool vibration is a major factor
which leads to poor surface ﬁnish, cutting tool damage, increase in
tool wear and unacceptable noise. In metal cutting, dampers were
employed to suppress tool vibration and to improve cutting per-
formance [8–13]. Even though the usage of dampers is effective, its
design and fabrication takes more time and investment. In litera-
ture, researchers have successfully used coatings like Balinit Hardlube
and Balinit Tri-ton DLC to improve cutting performance and to elim-
inate the need of cutting ﬂuids during dry drilling of aluminium
alloys [14]. Also Rivero et al. [15] developed an on-line sensorless
tool wear monitoring system during high-speed milling of alu-
minium alloys and they conﬁrmed the relevance of cutting force
signals for tool wear monitoring. Abuthakeer et al. [16] studied the
effect of spindle vibration on surface roughness of workpiece in dry
turning using ANN. Instead of using damper and coated material,
a scheme which resembles dry turning, free from pollution problem
and produces tortuous damping effect in metal cutting was thought
of to improve its effectiveness. Hence in this investigation, an attempt
wasmade to develop a special ﬂuid delivery systemwhich can supply
minimal cutting ﬂuid at a high velocity in pulsed mode and also
to study the effect of ﬂuid application parameters on tool vibra-
tion and cutting performance during turning of hardened AISI4340
steel. Rate of ﬂuid application, frequency of pulsing and the pres-
sure at the ﬂuid injector are considered as the ﬂuid application
parameters. A set of ﬂuid application parameters are to be identi-
ﬁed that will reduce tool vibration and bring forth better cutting
performance in terms of tool wear, surface ﬁnish, cutting temper-
ature and cutting force during turning of hardened steel. Also an
attempt was made to compare the cutting performance obtained
during hard turning using minimal ﬂuid application with dry and
conventional wet turning.
2. Development of a minimal ﬂuid applicator
The minimal ﬂuid applicator system consists of a fuel pump
(Bosch type) with four cylinder compression ignition engine which
is coupled to an inﬁnitely variable electric drive. The fuel pump has
a plunger with helical groove which can rotate about its axis and
the degree of rotation of plunger determines the quantity of ﬂuid
delivered per stroke. There is a provision for rotating the plunger
so that the quantity of ﬂuid delivered per stroke can be controlled
accurately. A specially formulated cutting ﬂuid can be applied at crit-
ical locations such as tool–work interface and the tool–chip interface
in the form of a high velocity, narrow pulsed jet through a ﬂuid in-
jector nozzle with a speciﬁcation DN0SD151 and a spray angle of
0°. When a high velocity narrow pulsing jet is used instead of a con-
tinuous jet, better cutting performance could be achieved. This is
due to the fact that when a pulsing jet is used, the width of the lu-
bricant ﬁlled gap between the tool rake face and the chip ﬂuctuates
with a frequency equal to the frequency of pulsing of the ﬂuid jet
[17]. This technique involves cutting ﬂuid particles of very high ve-
locity (about 70m/s) that tend to penetrate the critical zones rather
than ﬂoat in the air as in most of MQL applications [18]. The plunger
reciprocates as the motor rotates and delivers one pulse of cutting
ﬂuid for each revolution through the ﬂuid injector. The ﬂuid coming
out of the injector consists of myriads of tiny droplets (Fig. 1), the
velocity of which depends upon the pressure set at the ﬂuid injec-
tor nozzle. The higher the pressure, the higher will be the velocity
of the individual particles. Size of the particle delivered through ﬂuid
injection is calculated using equation (1). It was found that for the
parameters selected in this study, the average size of ﬂuid par-
ticles was 83.9 μm and the thickness of the formed covering was
0.9 mm.
D d W M Lo e P= ( ) ( )− −1 44 0 266 0 0733. . . (1)
In the ﬂuid application system developed it is possible to vary
the pressure, frequency of pulsing and rate of delivery indepen-
dently. For any pressure at the ﬂuid injector, a required rate of ﬂuid
application can be maintained at any desired frequency of pulsing.
The system can supply a pulsing slug of cutting ﬂuid at four loca-
tions in the same machine tool or to four separate machine tools
simultaneously. In this investigation, a specially formulated mineral
oil based cutting ﬂuid which acted as an oil in water emulsion was
applied as a narrow pulsed slug at tool work interface. The photo-
graph of the fabricated minimal ﬂuid applicator is shown in Fig. 2.
The ﬂuid application system developed in this study has the
facility to increase the injection pressure up to 100 bar, frequency
of pulsing and rate of delivery of cutting ﬂuid can be varied up to
750 pulses/min and 8 ml/min respectively.
2.1. Formulation of cutting ﬂuid
Since the quantity of cutting ﬂuid used is extremely small, a spe-
cially formulated cutting ﬂuid which can fulﬁll the task of cooling
and lubricationwas employed in this investigation. Accordingly com-
mercially available mineral oil (considered as base) along with other
ingredients such as friction modiﬁers, emulsifying agents, cou-
pling agents and anti-corrosion agents are identiﬁed. Table 1 shows
Fig. 1. Schematic view of pulsing slug of cutting ﬂuid.
Fig. 2. Photograph of fabricated minimal ﬂuid applicator.
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the composition of various constituents present in the cutting ﬂuid
formulated.
Petroleum sulfonate has the property to act as an emulsiﬁer, rust
inhibitor, surfactant and EP agent. Petroleum sulfonate of sodium
type having composition 15% by weight was considered in this in-
vestigation as this has higher molecular weight [19]. Also the
performance of sodium sulfonate was found to be superior com-
pared to potassium, calcium lithium andmagnesium sulfonate [20].
Ethylene glycol with composition 1% by weight resists freezing due
to its low freezing point and acts as a coupling agent to increase
the stability of the emulsion. The use of ethylene glycol not only
depresses the freezing point but also elevates the boiling point such
that the operating range for the heat transfer ﬂuid is broadened on
both ends of the temperature scale [21]. Oleic acid is an unsatu-
rated fatty acid which is used as an emulsifying or solubilizing agent
in aerosol products. Besides serving as an agent for improving the
lubricity of the cutting ﬂuid (agent for lowering the friction coef-
ﬁcient – friction modiﬁer), this compound forms an effective agent
for enhancing permeability and it was considered for 3% [22]. In
water soluble cutting ﬂuids, Triethanol amine is used to provide the
alkalinity needed to protect against rusting and it acts as an anti-
oxidant. It also controls the evaporation rate of water in cutting ﬂuid
and its composition constituted for 3% [23]. Alcohol ethoxylate is
a nonionic surfactant created by adding ethylene oxide groups to
a long chain (highmolecular weight) alcohol [24]. Alcohol ethoxylates
which comprises of 4% by weight possess greater resistance to water
hardness than any other surfactants [25]. It also acts as a second-
ary emulsiﬁer which enhances the emulsiﬁcation capability of the
sulfonate [26]. This cutting ﬂuid formulation was tried in the present
investigation and the speciﬁcation and composition were consid-
ered based on the information available in the literatures [19,27].
In minimal ﬂuid application, heat transfer is predominantly in the
evaporative mode, which is more eﬃcient than the convective heat
transfer prevalent in conventional wet turning. Special propri-
etary water-based cutting ﬂuids was developed in this investigation
which can, even when used in a very small quantity, fulﬁll the task
of cooling and lubrication. Since the evaporation enthalpy of water
is as high as 2260 kJ/kg, large scale cooling effect can be achieved
by encouraging evaporative heat transfer in water based cutting
ﬂuids. Because of this fact and also based on the information avail-
able in the literature, cutting ﬂuid with composition of 10% oil and
the rest water was used in this investigation [3]. This composition
of cutting ﬂuid eliminates problem related to pollution and re-
sembles dry turning.
3. Experimentation
Experiments were conducted on Kirloskar Turn master-35 type
lathe to study the inﬂuence of ﬂuid application parameters on tool
vibration and to arrive at a set of ﬂuid application parameters that
will bring forth better cutting performance like minimum surface
roughness, minimal ﬂank wear, minimum cutting force, reduction
in tool vibration and reduction in cutting temperature. The photo-
graph of experimental setup is shown in Fig. 3. In order to
characterize theminimal ﬂuid application scheme and to study their
effect on tool vibration and cutting performance, it is highly essen-
tial to optimize the ﬂuid application parameters. Rate of ﬂuid
application, frequency of pulsing and the pressure at the ﬂuid in-
jector are considered as the ﬂuid application parameters. A set of
levels of ﬂuid application parameters is to be identiﬁed that will
reduce tool vibration and bring forth better cutting performance in
terms of tool wear, surface ﬁnish, cutting temperature and cutting
force. The cutting velocity, frequency of pulsing, rate of ﬂuid ap-
plication and the pressure at ﬂuid applicator were varied at three
levels as shown in Table 2. Fluid application parameters were arrived
based on the results of preliminary experiments, based on the earlier
work reported in the area of machining with minimal cutting ﬂuid
application and based on the low, medium and high values within
the range available in the system. Depth of cut and feed rate were
maintained at 1.2 mm and 0.12mm/rev. respectively during turning
process.
3.1. Selection of cutting tool
Multicoated hard metal inserts with sculptured rake face ge-
ometry with the speciﬁcation SNMG 120408MT TT5100 coatedwith
TiC and TiCN and the tool holder having the speciﬁcation of PSBNR
2525 M12 were used in this investigation. The selection of cutting
tool and the tool holder was done based on the information avail-
able in the literature [28] and the recommendations of the cutting
tool manufacturer, M/s. Taegutec India (P) Ltd. The basic dimen-
sion of tool holder was 25 × 25 × 145mm. The photograph of cutting
tool holder and insert used in this work is shown in Fig. 4.
3.2. Selection of work material
AISI4340 steel which was widely used in die making, automo-
bile and allied industries was selected as a work material. Its other
Table 1
Composition of cutting ﬂuid.
S. no. Name of the constituent Percentage composition by weight
1 Petroleum sulfonate
(molecular weight = 490 to 520)
15%
2 Ethylene glycol 1%
3 Oleic acid 3%
4 Triethanol amine 3%
5 Alcohol ethoxylate 2%–6%
6 Mineral oil (Paraﬃnic) Rest
Fig. 3. Photograph of experimental setup.
Table 2
Input parameters and their levels.
Input parameter Level 1 Level 2 Level 3
Cutting velocity (m/min) 80(V1) 100(V2) 120(V3)
Rate of ﬂuid applicator (ml/min) 2(Q1) 4(Q2) 8(Q3)
Frequency of pulsing (pulses/min) 300(N1) 500(N2) 750(N3)
Pressure at ﬂuid applicator (bar) 60(P1) 80(P2) 100(P3)
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applications include aircraft engine mounts, propeller shafts, con-
necting rods, gear shafts, crane shafts, heavy forgings such as rotor
shafts, discs, welded tubing applications etc. [28]. In all these ap-
plications, vibration has deleterious effect on product performance.
Considering its wide range of application in the industry, this grade
of steel was used as the work material in the present investiga-
tion. AISI4340 steel known for its toughness, tensile strength and
fatigue strength is a through hardenable medium alloy steel that
was hardened to 46HRc. The chemical composition for this mate-
rial is shown in Table 3. Bars of 75mm diameter and 380mm length
hardened to 46HRC were used for this investigation.
3.3. Measurement of process parameters
Cutting force was measured using a Kistler dynamometer of type
9257B. Average surface roughness was measured using Mahr TR100
surface roughness tester of type MarSurf GD 25. Amplitude of tool
vibration was measured using a piezoelectric vibrometer pickup
(Dytran make 3055B) mounted at the top of the tool holder. Tool
vibration, particularly in the radial direction, is known to have a del-
eterious effect on the machined surface texture [29]. Since the
excessive tool vibration leads to poor surface ﬁnish and increase in
tool wear, amplitude of tool vibration in the vertical direction was
measured in this study. Average ﬂank wear was measured using a
Tool makers’ microscope (Metzer make) with the least count of
0.005 mm. In this investigation it was the intention of the authors
to view tool vibration as a phenomenon that is to be considered con-
currently with surface ﬁnish, cutting temperature, cutting force and
tool wear as all these parameters are interrelated. Hence equal im-
portance was given to all the parameters in experimentation.
In metal cutting, temperatures can be measured using thermo-
couple or pyrometer. Themajor diﬃculty faced by the industry while
using thermocouple is about the failure to measure the tempera-
ture at tool-tip. Many interpolation techniques have been developed
and used in the past [28]. This problem can be avoided by using py-
rometer. Pyrometer ﬁres a light beam while pointing the detector
at the side of the tool-tip interface. At the same time, a heat source
(such as a hot ﬁlament) built into the pyrometer ﬁres up and starts
shooting infrared radiation toward the detector chip. It has a mea-
surement uncertainty of ±2 °C. In this study temperature was
measured using BEETECHMT4 pyrometer. A 27 run experiment was
designed based on Taguchi technique [30] and all measurements
were repeated three times. The average of these three measure-
ments was taken as the ﬁnal value of tool wear, surface roughness,
tool vibration, cutting temperature and cutting force.
4. Results and discussion
The observations made during the 27 run experiment are sum-
marized in Table 4.
Fig. 5 presents the effect of ﬂuid application parameters on at-
tainable surface roughness. The effect of ﬂuid application parameters
on average ﬂank wear is shown in Fig. 6 and the effect of ﬂuid ap-
plication parameters on tool vibration is presented in Fig. 7. Figs. 8
and 9 present the effect of ﬂuid application parameters on cutting
force and cutting temperature respectively.
The experimental results were analyzed using Qualitek-4 and the
levels of input parameters for achieving better cutting perfor-
mance are presented in Table 5. ANOVA analysis was also carried
out using Qualitek-4 software to ﬁnd out the percentage inﬂuence
of individual parameters on tool vibration, cutting force, cutting tem-
perature, surface ﬁnish and tool wear surface roughness, ﬂank wear
and cutting force. From the ANOVA results, it was evident that pres-
sure at the ﬂuid injector forms the most signiﬁcant parameter
inﬂuencing the output parameters followed by rate of ﬂow and fre-
quency of pulsing. The results of the analysis which led to a set of
levels of ﬂuid application parameters to minimize surface rough-
ness, tool vibration, ﬂankwear, cutting temperature and cutting force
are summarized in Table 5.
From the summary of results, it is observed that ﬂuid applica-
tion parameters namely frequency of pulsing, pressure at ﬂuid
applicator and rate of ﬂuid application have their own inﬂuence on
tool vibration and cutting performance. In the range investigated,
tool vibration, cutting force, surface roughness, tool wear and cutting
temperature were minimum for a combination consisting of rate
of ﬂuid application at higher level (8 ml/min) and frequency of
pulsing at medium level (500 pulses/min) with a pressure at 100
bar maintained at the ﬂuid injector.
4.1. Interpretation of results
The inﬂuence of ﬂuid application parameters on cutting perfor-
mance was investigated in this section and it was observed that ﬂuid
application parameters do inﬂuence tool vibration and cutting
performance.
Fig. 4. PSBNR 2525 M12 tool holder and SNMG 120408 MT TT5100 insert.
Table 3
Chemical composition of work material.
Element % composition in weight
Carbon 0.38–0.43
Chromium 0.7–0.9
Manganese 0.6–0.8
Molybdenum 0.2–0.3
Nickel 1.65–2.0
Phosphorus 0.035 max
Silicon 0.15–0.3
Sulphur 0.04 max
Iron rest
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4.1.1. Pulsing jet of cutting ﬂuid
From literature it was seen that a pulsing slug of cutting ﬂuid
gave better cutting performance than a continuous jet during
minimal ﬂuid application. In tune with this, a pulsing slug of cutting
ﬂuid was used in the present investigation also. It is also reported
that the frictional forces between two sliding surfaces can be reduced
considerably by rapidly ﬂuctuating the width of the lubricant ﬁlled
gap separating them [2]. In the normal case when a lubricant ﬁlls
Table 4
Observations made during the 27 run experiment.
Run Pressure at ﬂuid
applicator (P)
Cutting
velocity (V)
Frequency of
pulsing (N)
Rate of ﬂuid
applicator (Q)
Cutting
force (FC)
Cutting
temperature (TC)
Amplitude of tool
vibration (Vd)
Surface
roughness (Ra)
Average Flank
wear (VBB)
1 60 80 300 2 49.87 120.16 0.0081 1.43 0.059
2 60 100 500 2 56.65 166.75 0.0074 1.61 0.060
3 60 120 750 2 74.42 102.99 0.0093 1.99 0.084
4 80 80 300 2 48.92 162.45 0.0095 1.23 0.065
5 80 100 500 2 39.89 156.95 0.0082 1.34 0.058
6 80 120 750 2 77.82 118.30 0.0100 1.07 0.081
7 100 80 300 2 50.45 125.06 0.0091 1.41 0.059
8 100 100 500 2 62.54 155.09 0.0075 1.58 0.042
9 100 120 750 2 79.39 133.65 0.0082 1.47 0.061
10 60 80 300 4 30.04 137.14 0.0105 1.51 0.075
11 60 100 500 4 48.66 142.84 0.0081 1.33 0.058
12 60 120 750 4 50.08 115.87 0.0108 1.79 0.081
13 80 80 300 4 55.21 145.73 0.0109 1.65 0.043
14 80 100 500 4 64.21 142.24 0.0081 1.24 0.046
15 80 120 750 4 81.19 107.88 0.0094 1.76 0.081
16 100 80 300 4 41.94 114.64 0.0091 1.40 0.048
17 100 100 500 4 58.13 153.86 0.0055 1.58 0.061
18 100 120 750 4 47.53 120.16 0.0091 1.27 0.071
19 60 80 300 8 50.05 119.53 0.0083 1.42 0.050
20 60 100 500 8 89.83 139.77 0.0092 1.56 0.054
21 60 120 750 8 90.85 126.29 0.0082 1.41 0.051
22 80 80 300 8 44.66 147.13 0.0074 1.22 0.048
23 80 100 500 8 45.29 145.90 0.0064 1.24 0.061
24 80 120 750 8 32.10 110.95 0.0097 1.26 0.062
25 100 80 300 8 38.47 115.82 0.0084 1.14 0.051
26 100 100 500 8 76.45 147.74 0.0064 1.39 0.043
27 100 120 750 8 39.11 121.37 0.0091 1.31 0.052
Fig. 5. Effect of ﬂuid application parameters on surface roughness.
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Fig. 6. Effect of ﬂuid application parameters on tool wear.
Fig. 7. Effect of ﬂuid application parameters on tool vibration.
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Fig. 8. Effect of ﬂuid application parameters on cutting force.
Fig. 9. Effect of ﬂuid application parameters on cutting temperature.
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the gap separating two sliding surfaces, the lubricant tends to form
an ordered layer. The formation of a stable ordered layer of ﬂuid
ﬁlm with comparatively higher shear strength is not the best con-
dition for reduction of friction between the sliding surfaces.
According to them, a disordered molecular ﬁlm will be more ef-
fective in reducing the friction.
Creating small discrepancies in the gap separating the two sliding
surfaces upsets the ability of the lubricant molecules to ﬁt com-
fortably between the surfaces. This technique keeps the lubricant
in a state of dynamic disorder. Also this results in constant rear-
rangement of the lubricant molecules and prevents formation of an
ordered layer. Frequency at which the gap width alterations are to
be made is decided by the viscosity of the lubricant. Thicker liquids
require more time to move from the gap when the distance is
reduced and more time to return when the gap is increased. The
process of frustrating the formation of an ordered layer leads to a
higher level of ﬂuidity and provides better lubrication. A pulsing
jet can create this type of frustration to the lubricant ﬁlm. Instead
of ﬂuctuating the width of the lubricating ﬁlm, a pulsing jet of lu-
bricant can be used to create a sort of disorder to themolecular layer.
When a pulsing jet is used, the width of the lubricant ﬁlled gap
between the tool rake face and the chip ﬂuctuates with a frequen-
cy equal to the frequency of pulsing of the ﬂuid slug. The width of
the cutting ﬂuid will be maximum when the ﬂuid slug falls at the
gap and will be minimum when no particles fall on the gap during
the pulsing cycle (shown in Fig. 1). This process continues as the
ﬂuid particles fall in the gap between the chip and the tool
intermittently.
From the results it was observed that frequency of pulsing (N)
at 500 pulses/min favored better cutting performance andminimum
tool vibration. When the frequency of pulsing was more than
500 pulses/min, the quantity of ﬂuid delivered per pulse (q) will
be less when compared to that when the frequency of pulsing was
500 pulses/min. This is due to the fact that for any ﬁxed rate of ﬂuid
application (Q in ml/min), the cutting ﬂuid delivered per pulse (q)
is given by q = Q/N, where N is the frequency of pulsing. Hence the
ﬂuctuation in the width of the liquid ﬁlm between the tool and the
chip is less appreciable when the frequency of pulsing was more
than 500 pulses/min when compared to that at a frequency of
500 pulses/min. A minimum quantity of cutting ﬂuid should be de-
livered per pulse to get appreciable ﬂuctuation in the width. This
leads to the presence of fresh ﬂuid droplets in the tool–chip inter-
face unlike a stagnant layer of cutting ﬂuid as will be the case if a
continuous jet were employed. The presence of fresh ﬂuid drop-
lets facilitates better ﬁlling up of the gap on the tool–chip interface
thereby providing better lubrication and to some extent enhanced
cooling as the droplets evaporate. Enhanced cooling and lubrica-
tion is responsible for reduction in tool vibration and improvement
in cutting performance. Moreover, when the frequency of pulsing
is very high (750 pulses/min), the individual particles will be very
small in size and may lack kinetic energy to penetrate into the
tool–chip interface. This leads to less ﬂuid particles reaching the rake
face and hence less eﬃcient rake face lubrication.
4.1.2. Rate of ﬂuid application
From the results it was observed that the rate of ﬂuid applica-
tion at a rate of 8 ml/min was advantageous in terms of minimum
tool vibration, better surface ﬁnish, lower ﬂank wear and lower
cutting force. The mean diameter of a droplet coming out of the in-
jector is inversely proportional to the quantity of ﬂuid delivered per
pulse.
According to the empirical relationship developed by Hiroyasu
and Kadota [31], the mean diameter Dp for a droplet of ﬂuid deliv-
ered is given by
D K P VP q
. . .
= ( )−Δ 0 135 0 121 0 131ρ (2)
When the rate of ﬂuid application was maintained at a high level
(8 ml/min), ﬂuid droplets have suﬃcient size with requisite kinetic
energy to penetrate into the tool–chip interface and provide better
rake face lubrication. If the delivery rates are very low (2 ml/min
and 4ml/min), the individual droplets will be very small in size and
may lack in their ability to penetrate into the tool–chip interface
on account of their lower kinetic energy. This results in inferior
cutting performance. Also if the size of individual particles is very
high, their penetration power will be less owing to their greater size.
Hence a rate of ﬂuid application must be selected in such a manner
so as to strike a balance between their kinetic energy and pene-
tration power in order to reduce tool vibration and to improve cutting
performance. It appears that a delivery rate of 8 ml/min results in
optimum droplet size that ensures better penetration which leads
to better rake face lubrication and hence lower tool vibration.
During conventional wet turning, heat is removed by convec-
tive heat transfer and the quantity of heat removed is given by
Q M C TC pc = Δ (3)
However during minimal ﬂuid application cooling occurs due to
both convective and evaporative heat transfer. The evaporative heat
transfer is facilitated by the increase in surface area caused by at-
omization and the quantity of heat removed is given by
Q M C TC pe mL= +Δ (4)
In the case of water, the evaporation enthalpy is 2260 kJ/kg and
in the case of mineral oil it is about 210 kJ/kg. The speciﬁc heat ca-
pacity Cp for water is 4.2 kJ/kgK and that for mineral oil is 1.9 kJ/kgK.
Since the evaporation enthalpy of water is very high, evaporation
of even a very small quantity of water is suﬃcient to create better
cooling. Moreover the cutting ﬂuid droplets by virtue of their high
velocity can puncture the blanket of vapor and reach the interface
facilitating more eﬃcient evaporative heat transfer that is not pos-
Table 5
Summary of operating parameters for optimum performance.
Sl. no. Output parameters Objective Velocity
(m/min)
Pressure at ﬂuid
applicator (bar)
Rate of ﬂow
(ml/min)
Frequency of pulsing
(pulses/min)
1. Surface roughness (μm) To minimize surface roughness V2
(100)
P3
(100)
Q3
(8)
N2
(500)
2. Flank wear (mm) To minimize tool wear V2
(100)
P3
(100)
Q3
(8)
N2
(500)
3. Cutting force (N) To minimize cutting force V2
(100)
P3
(100)
Q3
(8)
N2
(500)
4. Tool vibration (mm) To minimize tool vibration V2
(100)
P3
(100)
Q3
(8)
N2
(500)
5. Cutting temperature (°C) To minimize cutting temperature V2
(100)
P3
(100)
Q3
(8)
N2
(500)
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sible in conventional wet turning where the adherent ﬁlm of
lubrication retards the heat transfer.
4.1.3. Pressure at ﬂuid applicator
The exit velocity of the droplets of cutting ﬂuid piercing out of
the ﬂuid injector is inﬂuenced by the pressure at the applicator.
Therefore, the higher the pressure at the ﬂuid injector, the higher
will be the velocity of droplets [32]. The penetration power of the
ﬂuid droplet is directly proportional to the exit velocity (approxi-
mately 70 m/s) and the velocity varies as a function of the square
root of the injection pressure whereas the size of the individual drop-
lets is inversely proportional to the exit velocity [32]. As cutting
performance is directly related to chip friction, higher friction at the
tool–chip interface can lead to higher cutting temperature which
results in excessive tool wear leading to shorter tool life and poor
surface ﬁnish [33]. In metal cutting, friction at tool–chip interface
has to be decreased in order to improve surface ﬁnish, reduce tool
vibration, reduce tool wear and cutting force. During machining, the
pressure that exists in the tool chip interface prevents the easy pen-
etration of cutting ﬂuids. But the penetration of ﬂuid particles will
be easier if the drops are smaller in size and possess suﬃcient kinetic
energy. When the ﬂuid is applied at high pressure (100 bar) it can
easily penetrate into the tool chip interface and provide better lu-
brication at the contact surfaces. This reduces the friction at tool–
work interface, leading to lower tool vibration level and better cutting
performance. But the ﬂuid applied at a pressure of 60 and 80 bar
have poor penetrating abilities which further leads to lesser cutting
performance compared to pressure at 100 bar.
4.2. Comparison of performance with that during conventional wet
turning and dry turning
Cutting experiments were conducted to compare the perfor-
mance during dry turning, conventional wet turning and turning
with minimal ﬂuid application. The cutting and ﬂuid application pa-
rameters were maintained constant as in Table 5 and the results
are presented in Table 6. The results show a deﬁnite advantage for
turning with minimal ﬂuid application when compared to dry
turning and conventional wet turning. Tool vibration, tool wear,
cutting temperature, surface roughness and cutting force were found
to be less during minimal application followed by wet turning and
dry turning.
In conventional wet turning, rake face lubrication is not as ef-
fective as in ﬂuid injection as the ﬂuid particles cannot reach the
tool chip interface. Consequently the chip curls due to rebinder effect
and the associated reduction in tool–chip contact length is less pro-
nounced in conventional wet turning. But the cutting ﬂuid droplets
by virtue of their high pressure can puncture the blanket of vapor
formed and reach the hot interfaces facilitating more eﬃcient heat
transfer than is possible in conventional wet turning, where the ad-
herent ﬁlm of lubricant retards the heat transfer [3]. Duringminimal
ﬂuid application cooling occurs due to both convective, evapora-
tive heat transfer and the evaporative heat transfer is facilitated by
the increase in surface area caused by atomization. This provides
effective heat transfer leading to lower cutting temperatures com-
pared to conventional dry and wet turning. Cutting temperature of
141.23 °C during dry turning was signiﬁcantly reduced to 133.65°C
for hard turning withminimal ﬂuid application. Reduction in cutting
temperature facilitates decrease in abrasion wear by retaining tool
hardness and adhesion, diffusion types of wear are also highly sen-
sitive to temperature.
Also myriads of high velocity droplets are formed by theminimal
ﬂuid application of cutting ﬂuid. When these cutting ﬂuid par-
ticles reach the root of the chip, severe pressure and temperature
condition at that location cause decomposition of cutting ﬂuid. These
decomposed products lead to embrittlement effect on the chip
surface near to the root. This embrittlement can form numbers of
microcracks on the chip which become the stress concentrators and
reduces the energy required for the chip formation. This phenom-
enon is called Rebinder effect [7]. This rebinder effect consequently
reduced the cutting force acting on the tool. The product of cutting
ﬂuid decomposition which penetrates into the cracks at the chip
surface forms a lubrication layer and helps to reduce friction and
to improve the rake face lubrication [34]. From SEM photograph of
worn out tool shown in Fig. 10, it is observed that tool damage was
found to be less during hard turning with minimal ﬂuid applica-
tion when compared to dry turning and wet turning. The better rake
face lubrication and reduction in cutting force resulted in less tool
wear during hard turning with minimal ﬂuid application. Average
ﬂankwear for optimumparameter during hard turningwithminimal
ﬂuid application was found to be 0.07 mmwhereas in dry and con-
ventional wet turning it was found to be 0.08 mm and 0.075 mm
respectively.
Tool wear inversely affects machining dynamics by causing in-
stability to cutting processes [35]. The process instability caused by
tool wear involves variation in cutting forces and self-excited vi-
brations. In actual metal cutting conditions, the vibration of the
cutting tool depends on the tool wear and increases as the tool wear
progresses. The tool will be sharp in the beginning and will slowly
lose its sharpness as the cutting process progresses. Hence the am-
plitude of tool vibration will be less during the initial stage which
increases slowly as the tool wear progresses and becomes very high
when the tool is nearing the end of its life. In metal cutting, there
exists a relation between vibration and surface roughness [36,37].
When the bouncing of the tool in and out of the work piece (tool
vibration) increases, there will be high irregularities on the surface
which will result in poor surface ﬁnish. The more the rigidity, the
more will be the surface ﬁnish and a highly ﬁnished surface limits
the risk of crack initiation and subsequent failure of the machined
surface [38]. Also it appears that when the ﬂank wear increases, the
contact zone between the cutting tool and work piece surface
becomes larger causing extra rubbing on the surface which results
in poor surface ﬁnish. As a result of the wearing away of certain
regions of the face and ﬂank of the cutting tool, there will be gradual
deviation of the surface ﬁnish from the tolerance limit as the tool
wear progresses and ﬁnally necessitates the replacement of the
cutting tool. Also the surface morphology SEM images obtained for
the optimum parameters of conventional dry, wet andminimal ﬂuid
application is shown in Fig. 11. This clearly signiﬁes that the re-
duction in friction at the tool chip interface due to better lubrication
and less tool wear duringMFA resulted in lower tool vibration which
further led to the improvement in surface ﬁnish.
According to the regulations of OSHA, the permissible expo-
sure level of mist inside the plant is 5 mg/m3 and is likely to be
Table 6
Comparison of performance during dry turning, conventional wet turning and turning with minimal ﬂuid application.
Sl. no. Cutting condition Surface roughness (μm) Flank wear (mm) Cutting force (N) Tool vibration (mm) Cutting temperature (°C)
1. Dry turning 1.282 0.080 65.34 0.0061 141.23
2 Conventional wet turning 1.267 0.075 64.25 0.0058 135.27
3. Turning with minimal ﬂuid application 1.250 0.070 63.06 0.0053 133.65
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reduced to 0.5 mg/m3 [39]. There are also regulations limiting the
levels of pollutants in the spent metal working ﬂuids, which dras-
tically increase the cost of disposal. While considering the problems
associated with procurement, storage maintenance and disposal,
totally dry turning may appear as a logical alternative. But 100% dry
turning is not technologically feasible with existing tool materials
and accuracy levels, as it can neither reduce heat generation nor
can provide adequate heat dissipation. Under these circumstances
the concept of hard turning with minimal ﬂuid application is an
alternative.
In minimal ﬂuid application heat transfer is predominantly in
the evaporative mode, which is more eﬃcient than the convective
heat transfer prevalent in conventional wet turning. Special pro-
prietary water-based cutting ﬂuids were developed, which when
used in very small quantities, fulﬁll the task of cooling and lubri-
cation. Since the evaporation enthalpy of water is as high as
2260 kJ/kg, large scale cooling effect can be achieved by encourag-
ing evaporative heat transfer in water based cutting ﬂuids. Also
lubrication is sought to be achieved by very local and penetrative
application of a blended, environ-friendly tribo-agent in a suit-
Fig. 10. Tool wear SEM images for dry turning, conventional wet turning and hard turning with minimal ﬂuid application.
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able carrier medium.With the delivery rate being very small, cooling
is predominantly in the evaporative mode, wherein the medium
absorbs latent heat of evaporation from the cutting zone leaving
behind no liquid residue. In this method of cutting ﬂuid applica-
tion, no aerosol is suspended in the air which was the main source
of pollution. Apart from a high speciﬁc heat, the ﬂuid blend has ex-
cellent wetting of the hot surfaces and penetration to the heat zones
through capillaries. This delivery of cutting ﬂuid in the form of high
velocity pulsing jet will ensure deeper penetration to the contact
surfaces. In conventional wet turning, commercial cutting ﬂuid
(mineral oil) was applied at a rate of 5 l/min and in minimal ﬂuid
application cutting ﬂuids were applied at the rate of 8 ml/min. This
clearly shows the advantage of minimal ﬂuid application in terms
of procurement, storage and disposal of cutting ﬂuids. Also it
indicates that pollution caused by minimal ﬂuid application in the
environment is negligible.
In this paper, the inﬂuence of ﬂuid application parameters on
tool vibration and cutting performance during hard turning with
minimal ﬂuid application was investigated. An interesting ﬁnding
that came to light was that the pulsing jet of cutting ﬂuid can provide
better rake face lubrication than a continuous jet of cutting ﬂuid
due to the phenomenon of frustrated molecules. In the present in-
Fig. 11. Surface morphology SEM images for dry turning, conventional wet turning and hard turning with minimal ﬂuid application.
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vestigation the inﬂuence of a pulsing jet of cutting ﬂuid on the tool
vibration pattern was examined. It was the expectations of the
authors that a pulsing jet of cutting ﬂuid can effect a reduction in
tool vibration as it can rapidly change the width of the lubricating
ﬁlm on the rake face creating frustrated molecules. The outcome
of the investigation clearly indicated that this new idea is well
founded and there was reduction in the amplitude of vibration.
5. Conclusion
The present study indicates that the minimal ﬂuid application
scheme is characterized by the parameters of ﬂuid application
namely frequency of pulsing, rate of ﬂuid application and the pres-
sure at the ﬂuid injector. The effect that was developed in amplitude
of tool vibration and cutting performances due to set of operating
and ﬂuid application parameters were studied and optimum pa-
rameters were identiﬁed. From the present study the following
observations were made
1. Hard turning with minimal ﬂuid application reduces tool vibra-
tion and provides better cutting performance as compared with
conventional wet turning where a commercial cutting ﬂuid was
applied at a rate of 5 l/min and with dry turning. For achieving
better cutting performance, rate of ﬂuid application should be
applied at 8ml/min, frequency of pulsing at 500 pulses/min with
a pressure of 100 bar maintained at the ﬂuid injector.
2. When the set of levels of parameters for optimum perfor-
mance were used, there was 8.6% reduction in tool vibration, 1.3%
reduction in surface roughness and 6.7% reduction in tool wear
when compared to conventional wet turning.
3. The present study illustrates that if minimal ﬂuid application is
properly applied it would be an effective alternative for dry and
wet turning. Also the concept of minimal ﬂuid application re-
sembles dry turning, free from pollution related problem and acts
similar to damper in reducing tool vibration.
Acknowledgements
The authors are grateful to the Centre for Research in Design and
Manufacturing Engineering (CRDM) of the School of Mechanical Sci-
ences, Karunya University for facilitating and supporting this research
work. The authors would like to thank Mr. Jones Robin and Mr.
Sivasankaran of the machine tools lab for their help in conducting
experiments. Authors also thankM/s. Tageu Tec India (P) Ltd for sup-
plying cutting tools needed for this investigation. This study did not
receive funding from any agencies.
Nomenclature
CBN Cubic Boron Nitride
MFA Minimal Fluid Application
OSHA Occupational Safety and Health Administration
TiCN Titanium Carbo-Nitride
ZrN Zirconium Nitride
TiAlN Titanium Aluminium Nitride
EP Extreme Pressure
V Cutting velocity (m/min)
Q Rate of ﬂuid applicator (ml/min)
N Frequency of pulsing (pulses/min)
P Pressure at ﬂuid applicator (bar)
Fc Cutting Force (N)
Tc Cutting temperature (°C)
Vd Amplitude of tool vibration (mm)
Ra Surface roughness (μm)
VBB Average Flank wear (mm)
μm Microns
q Cutting ﬂuid delivered per pulse
do Nozzle diameter (mm)
We Weber number
M Density ratio
LP Laplace number
D Droplet diameter (mm)
K Constant varying for each nozzle, which is equal to 23.9
ΔP Mean effective pressure drop across the nozzle (MPa)
ρ Density of the medium in which injection of ﬂuid takes
place (kg/m3)
Vq Fuel discharge volume from pump, reported to be
35–140 mm3/stroke
Qc Heat quantity (kcal)
Mc Mass of cutting ﬂuid (kg)
Cp Speciﬁc heat capacity (kJ/kgK)
ΔT Temperature reduction brought about (°C)
Qe Heat quantity removed due to evaporative heat transfer
(kcal)
m Mass of the ﬂuid evaporated (kg)
L Evaporation enthalpy (kJ/kg)
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